Abstract. A kinetic model describing conduction changes across excitable membranes is proposed. It assumes that a population of discrete membrane sites is distributed among several distinct functional states determined by the voltage across the membrane. Interconversion of these states is postulated to occur by first-order reactions. It provides a satisfactory description of the central aspects of excitable membrane behavior, including current-time and current-voltage relationships, action potential, and effects of inhibitors.
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The crucial considerations of Hodgkin and Huxley' relative to the movement of ions across excitable membranes and the consequent phenomenological description of the functioning of such membranes have accounted for many features of membrane behavior. The original description1 and its various modifications do not seem capable of accounting for all facets of membrane behavior as currently understood. [2] [3] [4] Many attempts have been made to modify, amplify, rectify, and refute the arguments presented by Hodgkin and Huxley, and to seek the physical significance of various assumptions and parameters implicit or explicit in their formulation.2'4-17 Undoubtedly, however, the description of membrane behavior in terms of voltage-clamp data remains the most complete one.
The success of the treatment of Hodgkin and Huxley appears to be ascribable to the dependence of all variables on the membrane potential, making it highly probable that this variable occupies an important position in control of the ionconduction processes in the membrane. Nevertheless, the physical and molecular nature of these processes remain mysterious. We present herein a phenomenological model designed to describe the kinetic and steady-state aspects of the excitation process.
Description of the Kinetic Model. The basis of our model is that the steadystate membrane properties are determined by the distribution of a population of discrete membrane loci between two states; this distribution is determined by the voltage across the membrane. Moreover, depolarization of the membrane initiates a series of first-order kinetic processes through which the final steady state is reached. The properties of these two states, the properties of intermediate states, and the kinetics of their interconversion generate the transient phenomena associated with membrane excitation. We postulate that:
1. Conductance across the membrane is the consequence' of ionic species flowing down their electrochemical gradients. 799 2. Ionic flux across the membrane occurs through a limited number of specific sites on the membrane; these sites function independently of one another.
3. Ionic flux through individual sites in a particular state is linear in the driving forces and in the gradients of the chemical and the electrical potential.
4. Under steady-state conditions each of the sites exists in either of two states, designated R (rest) and C (conducting). The relative occupancy of the two states depends on the strength of the electric field across the membrane (and perhaps on the concentration of divalent cations in the external medium as well; see below). Quantitatively, the population distribution-voltage relationship is given by a Boltzman distribution; thus the fraction of total sites in state C, fc, at a given voltage, V, is given by:
in which Vh and a are constants for the system. In general, the voltage at which the states R and C are equally populated, Vh, is not zero. This may mean either that the electrical field across the membrane may be zero at a non-zero potential difference, or that the system is not chemically symmetric in the sense that the energies of the R and C states may be unequal even when the membrane electrical field is zero.
5. The specific conductance, g,, of a site in state R is considered to be small in comparison with that, gc, of a site in state C. Thus, as a result of any change in membrane potential, each site has quantal behavior; however, the macroscopic change in membrane conductance is continuous. 6 . After application of a step-depolarizing (more positive) potential (clamped) to the membrane at its resting potential (for which most of the sites are in the state R), a certain fraction of the sites, given by Eq. (1), is converted into state C according to the following pathway:
Here, R, A, A*, B, and C represent distinct kinetic and func- plied to the membrane determines, in accordance with Eq. (1), Scheme I the extent to which sites in state R are converted to state A, which eventually decays to state C by one of the 2 routes shown in Scheme I. Also, the first-order transformations of R into A, and of C into R, are characterized by voltage-dependent first-order rate constants, ki and k6, given by:
All interstate conversions are kinetically first-order. The rate constants are not related to the rate of movement of ions, but to the rate at which structures change from one state to the other. In particular, it is important to distinguish the rate constants from the rate of movement of ions through the sites. Thus as many as several hundred ions may move via a single channel in the average time for which it is conducting. State B is thus considered to be specifically Na-conducting and state C to be specifically K-conducting. In each case, the ionic current can be described as the product of conductance (voltage independent) and electrochemical gradient terms, and the population of corresponding states.
Note that the relative populations of states R and C calculated according to Eq.(1) or Scheme I under steady-state conditions are nearly identical. The population of either state, C or R, differs only slightly when calculated with respect to the total number of sites by Eq.(1), which assumes a negligible fraction of sites in other states at a given moment, or with respect to Scheme I, in which the relative population of all of the states is taken into consideration. Quantitatively, the difference is not important since, in our formulation (see below), the total population of sites in states A, A*, and B under steady-state conditions never exceeds more than a few percent. Use of Eq.(1) proves convenient in making the calculations described below.
The unidirectionality of transitions shown in Scheme I, and the use of Eq. (1) to describe the voltage dependence of the state, requires that at least one of the steps in the overall process be microscopically irreversible. A physically plausible situation would be one in which one of the transition steps (say A->A*) is coupled to translocation of an ion (M1). Thus, if the concentration of All at two membrane interfaces is significantly different, the overall process would A + be essentially irreversible, implying that a few charges at A*A KM each site which experience the potential change during stimulation may not necessarily belong to the site. The movement of "charged particles" should therefore produce a transient current whenever their equilibrium distribution is altered by an imposed potential change. Such a current may prove difficult to detect experimentally. The presence of about 10-15 sites/M2 of membrane surface'8 would imply that each site carries about 103 Na ions per impulse. The simultaneous movement of a few charges associated with another ionic species would produce a current that would be negligible by comparison and the energy dissipated will be very small compared to that due to the ion current flow.'9 However, the effect of Ca22 on Vh, and the conspicuous role of protons in excitation,23 suggest that these ions may be vital to these processes.
Net movement of charged particles involved in the transition of states is thought to occur only during a change from one steady state to another. No energy is dissipated by the sites when they are in steady state; energy will continue to be dissipated by the ion current flows controlled by the potential difference from equilibrium potentials. Thus, the total system-ionic fluxes through conducting sites and the charge transfers associated with the transition of statescannot be in true equilibrium, except at one potential: the ionic equilibrium potential (the resting potential). However, no current is then recorded; thus, this potential cannot be used directly to study kinetics of the system. Applicability of the Kinetic Model. Let us examine the model in terms of its ability to describe the following aspects of membrane behavior: (i) currentvoltage relationships under voltage clamp conditions; (ii) Na current, K current, and total current-time relationships; (iii) action potential and threshold stimulation; and (iv) effects of inhibitors on membrane behavior.
Current-time relationships:
The model is capable of describing the Na current (that is, the early transient current), the K current (the steady-state current), and the total ionic current across an excitable membrane as a function of the impressed clamped voltage. From these curves can be computed the current-voltage behavior corresponding to quasi-steady state conductance when K and Na ionic gradients are present across the membrane, as under physiological conditions. The voltage clamp curves are calculated from the model as follows: (i) the fraction of sites in state R converted to state A is evaluated from Eq. (1).
(ii) Rate equations for the kinetic scheme are solved for the populations of sites in states A, A*, B, and C, as a function of time in terms of the various rate constants. (iii) The current flow across the membrane in states B and C is considered to be directly proportional to the driving potential for both Na and K, i.e., V/-VK and V-VNa respectively. The proportionality constant relating current to voltage (conductance) for the Na current is chosen to be four times that for the K current; this value is arbitrary. (iv) Values for the various rate constants are chosen arbitrarily, but with regard for experimental facts. Since it is known that the early transient phase current is a consequence of Na ions rather than K ions, k3 must be chosen to be larger than either k4 or k5. The individual ionic currents were computed with a CDC 3400/3600 computer.
The plots of total ionic current as a function of time at voltages more positive than the resting one is shown in Fig. 1 . The set of rate constants chosen to give a good fit of the computed curves to typical experiments is provided in the inset. The plots of Na, K, and total ionic current against time (so-called voltage-clamp curves) calculated according to this model are in excellent agreement with those observed experimentally."' 8'20 The scheme, and the curves thus generated, are consistent with the experimental observation that an application of more negative potential during the transient phase, due to Na conductance, will not necessarily generate a K current, since the value of k6 becomes larger at more negative membrane potentials (Eq. 2); thus the population of state C in the transition from B to R is always small. Current-voltage relationships: Plots of calculated peak transient current and steady-state current against voltage were generated from the dissected Na and K ionic currents and are presented in Fig. 2 .
Action-potential and threshold stimulation: A qualitative explanation of the transient changes occurring during an action potential is developed in terms of the present model in much the same way as employed for calculating currenttime relationships under the influence of a step-depolarizing potential (Fig. 3) .
After application of a suprathreshold, more positive potential, sites in state R are converted to state A and hence to state C according to Scheme I and in accordance with Eq. (1). In contrast to the case for voltage-clamp conditions (step response), under these conditions (impulse response) the voltage across the membrane will not remain constant following perturbation but will vary continuously, generating the action potential. After excitation, the membrane potential will approach the Na equilibrium potential (when the maximum fraction of sites is in the B state), then the K equilibrium potential (when the maximum fraction of sites is in the C state), then decay back to the resting potential. state C. Thus, in order to elicit an b = 2000 sec-'; Vh = -38 mv have been used. action potential, the depolarizing po-The current scale is arbitrary and extends from -1 as a maximum for Na current to +1 as a tential (stimulus) should be large maximum K ion current (achieved at the equienough to generate enough sites in librium Na potential of 55 mv). the state B to make the membrane essentially Na conducting, which will in turn generate more B, and so on.
The occurrence of an action potential must thus be a function of the magnitude of the stimulus, as well as of the rate of application of depolarizing potential (in part since the rate constant k1 is voltage-dependent). Depending upon the magnitude of these two factors, there will always be an initial period of induction between application of stimulus and the development of an action potential. It is further required that if the depolarizing potential is altered slowly enough so that the conductance in state B is always relatively small at any instant of time, the membrane potential will not be altered to the Na equilibrium potential level and thus accommodation of the stimulus should occur. Finally, the foregoing argument requires that if the membrane potential is held nearer zero absolute potential, the increased resting conductance through state C would have to be counteracted during excitation by increased transient conductance due to 60 Fig. 1 . VK = current and peak transient Na current. -74 mv, VL = -55 mv, and VNa = +55 mv, Na current at 80 mv is corrected for resting potential = -70 mv, initial depolardifference in scale.
ization up to -45 mv.
state B; consequently, the threshold depolarizing potential may be increased to the extent that the membrane becomes "inexcitable," as is observed experimentally. These arguments are consistent with the observed "action-potential" response in a squid axon in isotonic KC1 solution, when a depolarizing current pulse is superimposed on a constant hyperpolarizing negative current.24 Similarly, under normal ionic conditions, if a hyperpolarizing pulse is suddenly withdrawn, a sufficient number of sites in state R may be converted to state C, through B, so that the diffusion potential is altered transiently, accounting for the phenomenon of anode break excitation. The absolute and relative refractory period may be explained by the foregoing scheme for the generation of action potential. After the application of suprathreshold, more positive, voltage a certain number of sites assume the states B and C; consequently, the membrane conductance remains significantly large even after the membrane potential has dropped almost to the resting level (Fig. 3) . Thus along the time axis there will be a period after the action potential (the absolute refractory period) during which the action potential may not be generated, however large the stimulus. This period of absolute refractoriness is followed by a period of relative refractoriness during which the membrane cannot be excited by a stimulus of the same magnitude which excited the previous action potential; however, a stronger stimulus may generate enough sites in state B that such an action potential is produced. Effect of inhibitors: In addition to describing current-time relationships as a function of voltage, the model provides rational explanations for a number of related observations. It is known that a number of agents dramatically affect the ionic conductance of a squid axon when added to the internal, and/or the external, medium. They raise the threshold, slow the rate of current rise, and decrease the amplitude of the action potential. Such effects can be described by specific inhibition of current flow through one of the channels in state B or C, or by altering the constants k1 through k6 and/or a, b, and Vh in our model.
For example, tetrodotoxin blocks the early transient component of the action potential. In terms of the present model, this would require that the pathway from state A* to state B (k3) be blocked. The effect of such reduction of k3 is shown in Fig. 4 . Indeed, the voltage-clamp curve for K current is almost identical to the curve obtained for the total ionic current. 18 Similarly, effects of 2,2-bis(p-chlorophenyl)-1,1,1-trichloroethane (DDT), tannic acid, and acridine orange can be accounted for by a decrease in the rate constant for the transition from state B to state C, k4. The time course for the ionic currents is similar to the corresponding curves reported elsewhere.25 It may be noted that both of these agents also seem to affect k2. One suggestion is that both of these transitions involve some common structural component. Some of these agents and their effects are recorded in Table 1 . However, the assignments are tentative; a complete study of the time course of the ionic currents under these conditions is needed before any quantitative evaluation can be made.
